The role of the basal ganglia in syntactic language processing was investigated with event-related brain potentials in fourteen neurologically impaired patients. Seven of these patients had basal ganglia lesions while 7 other patients primarily had lesions of the left temporo-parietal region excluding the basal ganglia. All patients listened to sentences that were either correct or included a verb argument structure violation. In previous experiments this type of violation elicited a biphasic pattern of an N400-P600 complex in young healthy participants. While the N400 may result from incorrect semantic-thematic role assignment, the P600 reflects the fact that verb information does not license the syntactic structure at present. Results of the patient experiment revealed a double dissociation: patients with left temporo-parietal lesions only show a P600, whereas patients with lesions of the basal ganglia showed no P600, but a negativity with extended duration that resembled an N400. The latter pattern not only confirms previous reports that the basal ganglia modulate the P600 but extends these results by showing that the N400 as a late semantic-thematic integration process appears partially modulated by the basal ganglia.
INTRODUCTION
While the role of cortical structures in language processing has been confirmed by numerous investigations (see Friederici, 1999; Goodglass, 1993 , for reviews), the participation of subcortical structures, such as the basal ganglia, in language is highly controversial. In particular, functional implications of subcortical structures are at stake. Nadeau and Crosson (1997) and Crosson (1999) postulate that the thalamus rather than the basal ganglia is engaged during lexical-semantic processing. This argument is supported by data that do not reveal lexical-semantic deficits in patients with basal ganglia lesions (Gotham et al., 1988; Mortimer et al., 1982; Tyler & Marslen-Wilson, 1986) . However, other empirical data suggest that lexical-semantic and prosodic processes do engage the basal ganglia (e.g., Lieberman, 2001 ). Neuroimaging studies with healthy subjects and Parkinson patients (PD), who suffer from a neurodegenerative disorder of the basal ganglia, have confirmed a correlation of the basal ganglia function with the perception of emotional prosody (e.g., Breitenstein et al., 1998 Breitenstein et al., , 2001 Kotz et al., in press; Pell, 2002) , as well as with lexicalsemantic processes (e.g., Cappa & Abutalebi, 1999; Lieberman, 2001; Wallesch & Papagno, 1988) .
In addition, the basal ganglia have been linked to language production in general (Alexander et al.,1987; Robin & Schienberg, 1990) or to processing of syntactic information in both language production and comprehension (e.g., Grossman et al., 1993; Lieberman et al., 1992) . Three general cognitive processes have been implicated in syntactic comprehension of sentences: (1) regulation of attention, (2) working memory and (3) speed of information processing. Several authors investigated syntactic complexity (e.g., subject-object relative clauses) during sentence comprehension in basal ganglia patients (e.g., Grossman et al., 1991 Grossman et al., , 1992 Grossman et al., , 1993 Lieberman et al., 1990 Lieberman et al., , 1992 Natsopoulos et al., 1993; Pickett et al., 1998) . While Grossman et al. (1993) initially argued that syntactic comprehension deficits result from attentional rather than syntactic deficits, Lieberman et al. (1990; proposed that repeated errors on syntactically complex sentences cannot be attributed to an attention deficit, but to a working memory deficit. Recently, Grossman et al. (2002) attributed syntactic comprehension deficits in PD patients to slowed lexical access.
Finally, Ullman (2001) and Ullman et al. (1997) proposed that a fronto-striatal network engages in the computation of procedural knowledge, which reflects the implicit rules and operations of syntax. Utilizing a verb participle production paradigm that allowed one to separate regular verb forms (rule-based; e.g., walk, -ed ) and irregular verb forms (lexically based; e.g., teach, taught), the authors reported that patients with anterior lesions and PD patients at a late stage of their disease progression show a selective deficit for regular verb forms, while patients with posterior lesions or Alzheimer's disease cannot produce irregular verb forms. This dissociation of verb-specific deficits was taken as evidence that the whole fronto-striatal loop plays a role in implicit rule based syntactic processing.
In summary, while it is clear from the literature that the basal ganglia are engaged during language processing, a clear functional specification of the role of the basal ganglia in language remains open. In particular, the claim that the basal ganglia play a specific role during syntactic processing is controversial as the mental operations proposed to underlie or correlate with syntactic processing are diverse. Furthermore, there is no clarity as to whether lexicalsemantic processes engage the basal ganglia or not. Most authors consider that the deficit arising from basal ganglia damage is not one that is solely "automatic" in nature (but see Ullman et al., 1997) . The latter statement can be best clarified by analogy to the motor control hypothesis introduced by Marsden and Obeso (1994) . These authors suggested that the primary role of the basal ganglia is a controlled response to changes in cortically regulated automatic behavior. If one applies this proposition to syntactic processes in language comprehension one could speculate that the basal ganglia engage in the controlled reordering or altering of cortically driven automatic syntactic processes.
This dissociation of automatic and controlled syntactic processing is also made explicit in a recent model on auditory sentence processing by Friederici (2002) . The model describes that in a first step, a simple syntactic structure is built on the basis of word-category information (e.g., noun, verb). As will be described below, this first processing phase is highly automatic. In a second phase, which is controlled, lexical-semantic information is processed to realize thematic role assignment. If initial syntactic information and lexical-semantic information do not map onto each other, as in the case of some syntactic violations, the sentence structure needs to be reanalyzed in a third phase which is also a controlled process.
A number of event-related brain potential (ERP) studies investigating syntactic processes in healthy participants have shown that automatic and controlled syntactic processes can be separated (Friederici, 1995; Friederici, 2002; Hahne & Friederici, 1999) . For example, phrase structure violations (e.g., violating the expectancy of a word class as in, *The fish was in the_ caught rather than The fish was in the pond caught; literal German translation) elicit an early anterior negativity (E(L)AN), followed by a late positivity (P600). Adhering to the sentence processing model described above, the early anterior negativity has been correlated with automatic syntactic processes, as the component does not vary as a function of manipulations that implicate control. This was shown by manipulating the proportion of violations that do not modulate the E(L)AN component (Hahne & Friederici, 1999) . Furthermore, the E(L)AN is not influenced by additional violations of lexical-semantic information Hahne & Friederici, 1999) . On the other hand, the P600 has been linked to controlled syntactic processes (e.g., Frisch et al., 2002; Kaan et al., 2000) . Finally, a third component, the N400 with a maximal centro-parietal distribution has been linked to the processing of lexical-semantic information. At the sentence level, the N400 is discussed as a component reflecting controlled, integrative processing of lexical-semantic information.
In three investigations with patients we explored the role of automatic versus controlled syntactic processes in lesion patients and PD patients. Friederici et al. (1999) reported that patients with anterior lesions show no early anterior negativity, but a P600 elicited by phrase structure violations, while patients with basal ganglia lesions show an early anterior negativity, but a strongly reduced P600. The authors take this evidence in support of the hypothesis that anterior cortical areas, but not subcortical regions such as the basal ganglia, are engaged in automatic syntactic processes, while the basal ganglia seem to modulate controlled syntactic processes. In a study with early PD patients a similar pattern emerged: PD patients showed an early anterior negativity, but barely any P600 effect . Thus, unilateral focal vascular lesions as well as PD patients with unilateral functional deficits result in a comparable syntactic deficit as evidenced in the reduction of the P600 effect. Furthermore, these data support a functional as well as a structural separation of the two syntactic processes. While automatic syntactic processes seem to be regulated in anterior cortical regions, controlled late syntactic processes appear to be modulated by the basal ganglia. One question that these studies left open was to clarify whether the P600 reflects late syntactic processes or rather varies as a function of attentional demands. This question is also reflected in an ongoing debate whether the P600 is language-specific or just a P300-like effect, indicating the attention driven detection of an unexpected, task-relevant target (Coulson et al., 1998; Gunter et al., 1997) . To test this question, Frisch et al. (2003) tested patients with focal vascular basal ganglia lesions and patients without basal ganglia lesions. They were presented with correct and incorrect sentences that included a morphosyntactic violation 1054 S.A. Kotz et al. (e.g., *In the house it was often to paint rather than, In the house it was often painted; literal German translation) as well as in a classic non-linguistic oddball paradigm (e.g., counting deviant tones in a series of standard tones). The prediction was that patients with basal ganglia lesions should show no P600, while patients without basal ganglia lesions should show a P600. If the basal ganglia indeed modulate late controlled syntactic processes rather than general attentional processes, both patient groups should show a P300 elicited in the non-linguistic oddball paradigm. Both predictions were confirmed. While both patient groups displayed a P300 in the oddball task, no P600 was elicited by morphosyntactic violations in the patients with basal ganglia lesions. In summary, ERP lesion data and data collected from patients with Parkinson's disease show that the functional significance of the basal ganglia in syntactic language processing can be described in the following way: The basal ganglia do not seem to play a role during automatic syntactic processing, but during controlled syntactic processing. What remains to be investigated is whether the latter syntactic processing deficit can be replicated in other syntactic paradigms that typically elicit a P600, and whether the basal ganglia also engage in lexical-semantic integration processes (as reflected by an N400) or not.
Following this brief review on syntactic processes investigated with ERPs in healthy subjects and patient populations of diverse etiology we would like to specify the hypothesis that the basal ganglia are engaged in controlled late syntactic processes that result from the lack of mapping between lexical-semantic and initial syntactic information as proposed by Friederici (2002) . This hypothesis is not in full agreement with the hypothesis proposed by Ullman et al. (1997) as they claim both cortical and subcortial areas to be involved in the processing of "procedural" knowledge.
Therefore, the goal of the current ERP study was to address syntactic comprehension in the same two patient groups as tested in Frisch et al. (2003) . Here we were interested in investigating the temporal and functional dissociation of two controlled processes, the N400 which can reflect lexicalsemantic information processing relevant for thematic role assignment and the P600 within one syntactic structure, the verb-argument structure, which adheres to both syntactic and semantic-thematic restrictions of the verb. Previous evidence from healthy young participants revealed a biphasic pattern of an N400 followed by a P600 elicited by verb-argument structure violations with a centro-parietal distribution Frisch et al., 2000; Osterhout et al., 1994) . We predicted that patients with focal basal ganglia lesions should show an N400 but no P600, while patients with primarily temporo-parietal lesions should potentially show a P600 but no N400.
EXPERIMENT
It is central for language processing research that verbs can be classified with respect to the number and type of constituents that they take as (syntactic and semantic) arguments.
For example, an intransitive verb such as to grin can only take a subject argument expressing who is doing the grinning (e.g., The little boy grins). In contrast to a transitive verb which allows or demands an object besides the subject, adding a direct object to a verb such as to grin would render a sentence ungrammatical as well as semantically anomalous (see, *The little boy grins the old man). In the experiment, participants listened to grammatical and ungrammatical sentences. Ungrammatical sentences contained violations of the verb-argument structure (see above). In a number of studies that explored this syntactic violation type a biphasic ERP pattern of a negativity, resembling an N400, followed by a positivity (P600) was reported in healthy young subjects Frisch et al., 2000; Osterhout et al., 1994) .
METHODS

Research Participants
Fourteen brain damaged patients (4 female, all righthanded) in a chronic state participated in the current study after giving informed consent. Lesions primarily resulted from left hemisphere ischemic (n 5 12) strokes, but 2 patients of the basal ganglia group had suffered a lefthemisphere hemorrhage. The average time since lesion in the basal ganglia group was: 2.85 years (range: 2-4 years) and in the patient group without basal ganglia lesions: 5.71 years (range: 3-9 years). Lesion sites were determined by (T1-and T2-weigthed) anatomical MRI datasets from a 3.0 T system (Bruker 300100 Medspec) and evaluated by an experienced neuroanatomist. The individual patient information is listed in Table 1 .
Materials
All sentences were German passive constructions. In contrast to English, German allows passivization of intransitive verbs (such as arbeiten0to work). In this case, however, the sentence initial position can only be filled with an expletive (such as es0there), a prepositional phrase (such as im Zimmer0in the room) or an adverb (such as gestern0 yesterday). Filling the initial position with a subject argument (such as das Zimmer0the room) creates an argument-structure violation since the subject can neither be syntactically nor semantically integrated. Thus, we realized an argument-structure violation by using sentences with an intransitive verb and a subject NP (Das Zimmer wurde gearbeitet0The room was worked ). In the correct conditions, the sentence initial element was a prepositional phrase (Im Zimmer wurde gearbeitet0In the room it was worked ). This allowed us to keep the critical word (verb participle) identical across correct and incorrect conditions.
In order to exclude possible confounds with a sentence final wrap up effect (e.g., Osterhout, 1997) , the critical verb participle was always folSyntactic language processinglowed by a conjunction 'and' and a second verb participle which was transitive and therefore always correct. Forty sentences per condition, resulting in 80 critical sentences were created on the basis of 80 noun-(intransitive) verb sets. In addition, 80 filler sentences (half of them ungrammatical) with a similar sentence structure were created.
A female native speaker of German spoke the sentences at a normal speech rate. The sentences were recorded onto digital audio tape and digitized at a sampling rate of 44.1 KHz. In order to ensure a precise time locking of the ERP in each individual sentence, the onset of the critical word was marked by way of a careful visual and auditory inspection of the auditory speech signal.
Procedure
Patients listened to all 160 sentences that were presented via loudspeakers in a pseudorandomized order. A visual cue on the center of a computer screen indicated the onset of each sentence. 800 ms after the offset of the sentence, subjects judged whether the sentence was acceptable or not by pressing one of two response buttons. The next trial started 1000 ms after the subject's button press. In the nonlinguistic task patients heard standard tones (600 Hz) with a probability of .8 and deviants (660 Hz), with a probability of .2. The two-tone block contained a total of 500 auditory stimuli. All stimuli had a duration of 200 ms (including 10-ms rise and 40-ms fall time; sound pressure level (SPL) 75 dB) and were presented with a constant offset-to-onset interval of 600 ms.
ERPs were recorded from 19 scalp sites by means of Ag0AgCl electrodes with a NEUOSCAN 4.1 amplifier. C2 served as ground electrode. Recordings were referenced to the left mastoid and were re-referenced to linked mastoids off-line. Electrode impedances were kept below 5 kV. In order to control for eye movement artifacts, a horizontal and a vertical electro-oculogram (EOG) were recorded. Eye artifact control measures were applied to the raw data of each patient to increase the number of critical trials in each condition (Pfeifer et al., 1995) . Then individual EEG recordings were scanned for additional artifacts on the basis of visual inspection. The average percentage of trials rejected due to behavioral performance and additional artifacts was 24.9%.
Data analysis
Accuracy in the behavioral task was calculated as the percentage of incorrectly performed trials in one condition relative to all trials in that condition. An ANOVA with lesion as a between-subjects factor and grammaticality as a withinsubjects factor was conducted. ERPs were computed for each of the critical conditions for each electrode and each subject. All ERP averages were aligned to a 200 ms baseline relative to the onset of the auxiliary verb preceding the critical verb. Only trials with correct responses and without movement and amplifier saturation artefacts entered the averages. Separate repeated-measures ANOVAs were conducted separately for midline electrodes (FZ, CZ, PZ), for anterior lateral electrodes (FC304, F304, F708 ) and for pos- terior lateral electrodes (P304, P708, O10O2) in order to capture potential distributional differences. The ANOVA for the midline analysis included lesion as the betweensubjects factor (lesions including vs. excluding the basal ganglia) and two within-subjects factors grammaticality (grammatical vs. ungrammatical ) and electrode (FZ vs. CZ vs. PZ) . The ANOVA for the two lateral regions of interest were calculated with lesion as the between-subjects factor, and with two within-subjects factors grammaticality, and hemisphere (left vs. right), respectively. The statistical analyses were computed in two time windows relative to the critical word (verb), selected on the basis of visual inspection: 300 to 700 ms for the N400 and 800 to 1200 for the P600. Main effects of grammaticality in the respective time windows will reflect a N400 effect and a P600 effect, respectively. Results will be reported as statistically significant for p values .05 or less. Furthermore, to ensure that any modulation of the patient data was of linguistic nature, the P300 oddball paradigm was applied as a non-linguistic test. The statistical analyses followed the same ANOVA design as presented for the linguistic experiment with a within-subjects factor probability (rare vs. often) and a between-subjects factor lesion on the averages in a time window between 300 and 600 ms.
RESULTS
Accuracy
We found a main effect of lesion [F(1,12) 
ERPs
Figure 1 displays the ERP patterns from the onset of the critical verb up to 1500 ms for each of the two lesion groups at selected electrode-sites. It is apparent that the patients without basal ganglia lesions show a clear P600 effect for verb-argument violations, but no apparent N400 effect (B). On the other hand, patients with basal ganglia lesions do not show a P600 effect, but an extended negativity resembling an N400 (A). Negativity is plotted upwards and each tick on the x-axis indicates 500 ms. ERPs from the onset of the critical verb (onset at zero ms0vertical bar) up to 1500 ms show that patients with basal ganglia lesions display an extended N400-like negativity effect, but no P600 effect, while patients without basal ganglia lesions show no N400-like negativity effect, but a clear P600 effect.
N400-like Negativity
The global ANOVA for the N400-like negativity in the selected time window (300-700 ms) at midline sites revealed no main effects of lesion nor grammaticality (all Fs , 1), but a marginal interaction of grammaticality 3 lesion [F(1,12) 5 3.98, p 5 .07]. Follow-up analyses by lesion group did not confirm a statistically significant N400-like negativity in either patient group at midline sites (Fs , 1). Analyses of lateral sites showed no significant effects for lesion, grammaticality, hemisphere nor an interaction of any of the three factors (all Fs , 1) in the anterior region. In the posterior region we found an interaction of grammaticality 3 lesion [F(1,12) 5 7.77, p , .01], but no main effects of lesion nor grammaticality. Follow-up analyses by lesion group revealed that patients with basal ganglia lesions show a N400-like negativity at posterior electrode sites [F(1,6) 5 7.37, p , .05], but the patients without basal ganglia lesions did not ( p . .1).
Analyses of the N400-like negativity preceding the P600 time window resulting from verb-argument structure violations indicate that patients with unilateral basal ganglia lesions show a bilaterally distributed extended N400-like negativity effect at posterior sites, while patients without basal ganglia lesions do not show such an N400-like negativity effect.
P600
Analyses of the midline sites revealed a main effect of grammaticality [F(1,12) A similar picture emerged for the analyses of lateral sites. Analyses of anterior sites showed no main effects nor any critical interactions for any factor (all Fs , 1). Analyses of posterior sites displayed a main effect of grammaticality [F(1,12) 5 8.00, p , .01], but not of lesion (F , 1). However, a significant interaction of grammaticality 3 lesion [F(1,12) 5 12.82, p , .001] was found. Follow-up analyses by patient group revealed that patients without lesions of the basal ganglia showed a P600 effect at posterior sites [F(1,6) 5 14.66, p , .001], but not at anterior sites (F , 1). This effect was not qualified by hemisphere (F , 1). Patients with basal ganglia lesions showed no main effect of grammaticality nor any interaction at either anterior or posterior electrode sites (all Fs , 1).
The data show that patients with basal ganglia lesions show no P600 effect following the preceding extended N400-like negativity effect, while patients without basal ganglia lesions show only a P600 effect.
Statistical analyses of repeated-measures ANOVA on the P300 effect did not reveal any significant differences as a function of lesion, but a main effect of probability indicating that patients of both groups showed a normal P300 effect. Detailed data analyses of the P300 effect were reported elsewhere (Frisch et al., 2003) .
In summary, while patients with unilateral basal ganglia lesions show an extended negativity comparable to an N400 effect at posterior electrode sites, but no P600 effect as a result of verb-argument violations, patients without lesions of the basal ganglia show no N400-like negativity effect, but a P600 effect to this type of violation. These results are in contrast to the biphasic pattern of an N400 followed by a P600 in younger healthy participants (see Frisch et al., 2000) .
1
DISCUSSION
Taken together, the data from the current experiment further support the role of the basal ganglia in controlled syntactic processing by replicating the lack of a P600 effect in patients with focal unilateral basal ganglia lesions Frisch et al., 2003) and extending it by reporting evidence on the role of the basal ganglia in a second controlled process that relates to semantic-thematic processing.
As it was hypothesized, a P600 effect due to verbargument structure violations was only found in patients without basal ganglia lesions. However, these patients showed an extended N400-like negativity effect preceding the P600 time window which resembles the N400 effect in young healthy participants (see Frisch et al., 2000) , while patients without basal ganglia lesions did not show such an N400-like negativity effect. Furthermore, a P300 effect in response to rarely occurring auditory stimuli was shown in both groups of patients and was comparable to healthy controls (see Frisch et al., 2003) .
With respect to our hypothesis that the basal ganglia only regulate controlled syntactic processes, the current results support the fact that the basal ganglia play a necessary role in the mediation of the P600 effect. Thus, the present results are in agreement with recent findings that the P600 effect is strongly reduced in Parkinson patients and in patients with unilateral lesions of the basal ganglia Frisch et al., 2003; .
The question of whether there is a functional correlation of the basal ganglia and lexical-semantic processes can be partially answered. The fact the basal ganglia group show an N400-like negativity effect, but with an extended duration points to the modulatory role of the basal ganglia in lexical-semantic processing such as thematic role assignment. This extended N400-like negativity adds to controversial previous evidence as the data imply that speed of information processing affecting lexical-semantic information might be modulated by the basal ganglia (e.g., Crosson, 1999; Nadeau & Crosson, 1997 ; but see Cappa & Abutalebi, 1999; Wallesch & Papagno, 1988) .
In particular, it needs to be noted that in comparison to the N400 seen in younger and older healthy participants (e.g., Frisch et al., 2000) the duration of the N400-like negativity effect in the basal ganglia patients differs. While the negativity in the patients shows a similar onset to the one seen in healthy controls, the duration of the N400-like negativity effect in this study extends up to 700 ms poststimulus onset in the patients. We would like to argue that this effect is due to global cognitive slowing that impairs lexical-semantic processing during language comprehension. As this duration difference only occurred for the N400-like negativity effect that reflects semantic-thematic role assignment, but was not visible in the non-linguistic P300 effect (see Frisch et al., 2003) , it is plausible that the rate of lexical-semantic information processing in the broader sense is changed as a result of unilateral basal ganglia lesions. In a recent paper, Grossman et al. (2002) discussed evidence that the striatum may play a critical role in information processing speed (see also Rao et al., 2001; Schubotz et al., 2000) . In accordance, it appears that while the time course of semantic-thematic processing is hampered by basal ganglia lesions, the process is still realized in an extended time window. This is clearly not the case for controlled syntactic processes reflected in the P600 effect which is absent in the basal ganglia patients.
In conclusion, our study demonstrates that patients with focal lesions of the basal ganglia show a selective deficit of controlled syntactic processes as reflected in the P600 effect, while controlled semantic-thematic processes as reflected in a preceding N400-like negativity effect are present but its duration was extended. These results show that the basal ganglia play a mediating role in controlled syntactic processes during comprehension and may also play a role in the rate of controlled semantic processes.
